1. Due to intensive human use freshwaters are among the most seriously threatened and modified environments on the planet. Their poor condition and the risk to services that humans need from these ecosystems make their rehabilitation a priority. However, many previous studies have reported the poor performance of many rehabilitation activities.
Introduction
Freshwaters are among the most seriously threatened and modified environments on the planet, due to intensive human use (Sala et al., 2000) . These systems have been crucial for human development (Malmqvuist & Rundle, 2002) . Human use has altered the ecology of freshwaters through habitat destruction and fragmentation, physical and chemical alterations, and the introduction of exotic species or overexploitation of freshwater resources (CollaresPereira & Cowx, 2004) . Changes in the catchments have also had significant impacts on freshwater ecosystems. Deforestation and agricultural development in many regions has significantly altered both flow and sediment regimes (Kreutzweiser et al., 2005; Jordan, 2006) .
In some cases the degradation is so severe that it conflicts with further human use (eg Srinivasan & Reddy, 2009 ). The situation is expected to worsen in the next decades due to the combined effects of human population growth and climate change (Bates et al., 2008) .
In response to both the poor conservation status and increasing resource pressure rehabilitation projects are being implemented throughout the world (Roni, Hanson & Beechie, 2008) . It is estimated that more than US$ 1 billion is spent annually on rehabilitation projects in the USA alone, and the number of projects has increased exponentially in the last decade (Bernhardt et al., 2005) . Similar patterns have been reported in other areas (e.g. Verdonschot & Nijboer, 2002; Giller, 2005) . Despite the high number of rehabilitation projects being implemented the rate of success is low (Alexander & Allan, 2007) . Here, we analyse the main reported causes for the failure or poor efficiency of many rehabilitation projects, and propose a new approach to improve their success. In this paper we focus on the project planning process rather than comparing the efficiency of different rehabilitation techniques. The latter should be addressed once information on the efficacy of rehabilitation techniques has been systematically reviewed.
Why is rehabilitation planning needed?
4 Despite the considerable resources that are allocated to improving the condition of aquatic ecosystems, they are small compared to the scale of the problem (Prosser et al., 2001 ).
There is a need to make the most efficient use of the resources devoted to rehabilitation. A rehabilitation plan must specify what set of actions are needed and where they must be implemented; constrained by the available budget. Resources need to be targeted to specific actions and places that are expected to produce the maximum benefit.
Rehabilitation planning: facts and challenges
Rehabilitation projects are generally not well documented, and it is often not easy to obtain basic information on project actions and outcomes (Bernhardt et al., 2005) ; although only limited recovery of the ecosystem has been reported often (Alexander & Allan, 2007) . There are many factors contributing to this ineffectiveness, but the failure to address the driving factors at an adequate scale has been highlighted as the main cause (Beechie et al., 2010) . For effective and efficient rehabilitation planning to occur, this and other issues (outlined below) need to be addressed.
The path of least resistance
In a recent review on rehabilitation projects in the USA, Alexander & Allan (2007) reported that the most common approach to prioritize rehabilitation sites was "available land opportunities", so projects were mainly implemented in areas that were available because of land ownership opportunities (public land or land-owners willing to implement rehabilitation).
This approach results in rehabilitation efforts being focused on areas that are neither the most in need of rehabilitation, nor those that will produce the maximum benefit to the whole system. For example, even though the most severe habitat and land-use changes are commonly on lowland floodplains and deltas, most rehabilitation actions are concentrated in headwater areas and small tributaries (Bernhardt et al., 2005) , where land is more likely to be in some form of public ownership or it has a lower productive potential. This type of approach has also been a 5 common practice in conservation planning where they have been criticised for their inefficiency and inability to protect biodiversity adequately (Pressey & Tully, 1994) .
Systematic conservation planning (Margules & Pressey, 2000) addresses this problem from a holistic point of view, incorporating not only issues immediately related to the adequate representation of the target biodiversity, but also how to plan for conservation in an efficient way. To achieve this, systematic approaches integrate cost, and other spatial constraints, that help identify a minimum set of areas that represent adequately the target biodiversity and promote its long term persistence. Systematic planning is not exclusive to conservation and has been applied to other fields, such as the optimization of land uses and water allocation to maximize agricultural productivity (Nikkami, Elektorowicz & Mehuys, 2002; Riedel, 2003; Sadeghia, Jalili & Nikkamib, 2009 ). Xevi & Khan (2005) proposed a method to optimize the allocation of water quotas among different crops subjected to water limitations to maintain gross productivity targets under ecological and economic constraints in Australia. Randhir et al. (2001) developed a catchment-based prioritization model for water quality protection by managing land use. However, systematic planning is not broadly used in rehabilitation projects and just a few examples are available (eg Llewellyn et al,. 1995; Peters & Marmorek, 2001; Steel et al., 2008) .
Problems with planning and implementation scales.
Riverine ecosystems consist of a suite of hierarchically nested physical, chemical and biological processes operating at widely varying space and time scales. Success of rehabilitation is more likely when planned at large-scale than in small local-scale projects. However, the difficulty of planning over large areas has prevented the application of this type of approach (Lake, Bond & Reich, 2007) . In freshwater systems, catchments have been recognized as the optimal planning scale (Kershner, 1997; Alexander & Allan, 2007) . However, most stream rehabilitation projects are planned and implemented at smaller scales (Likens et al,. 2009 ), involving localised interventions in stream channels, riparian zones and floodplains (Bond & Lake, 2003; Bernhardt et al., 2005; Lake et al., 2007) . These efforts have suffered from a lack of ecological understanding of catchment processes (Beechie et al., 2010) . Often, rehabilitation projects seem to be implemented to address the symptoms of a single environmental concern at small local-scale, without appropriate effort to address larger-scale processes that may be responsible for the observed environmental degradation (Alexander & Allan, 2007) . These local scale restoration efforts can result in more harm than good (Frissell & Nawa, 1992) .
Furthermore, the local-scale is not the most appropriate for considering processes and responses of rehabilitation actions, unless the problem being addressed has its origin at that scale (Beechie et al., 2010) .
When considering spatial scales in rehabilitation projects two issues are usually confounded: the scale of planning and the scale of implementation. To be successful a rehabilitation programme should be planned at the whole catchment scale, as we state above, but does not necessarily have to be implemented at that scale (e.g. rehabilitation of whole catchments). This way, catchment processes can be more efficiently incorporated in the plan while optimizing the number and spatial allocation of rehabilitation actions. However, the misconception that both the planning and the implementation scales have to be the same, and the lack of tools to address rehabilitation planning at the catchment scale, hindered progress to date.
Integration of ecosystem processes in planning
An additional common cause of the failure of rehabilitation work is due the underlying causes of the degradation not being addressed (Beechie & Bolton, 1999; Hillmann & Brierley, 2005; Beechie et al. 2008) . Rehabilitation should be planned and implemented understanding the physical and ecological context of the processes that determine the current condition (Roni et al., 2002; Alexander & Allan, 2007; Beechie et al., 2010) . In this way rehabilitation science should be closely linked to ecosystem science, which aims to understand the drivers (human and non-human) that influence ecological patterns and processes (Likens et al., 2009) . Adaptive strategies that allow the incorporation of the knowledge gained from monitoring programmes and re-evaluation of the rehabilitation priorities based on this new knowledge (Fig. 1) can also greatly enhance the effectiveness of the project. There are numerous examples in the scientific literature reporting only limited recovery after rehabilitation due to the lack of consideration of ecosystem processes and failure to address the cause of the problem (Palmer, Menninger & Bernhardt, 2010) . Parkyn et al. (2003) reported that a riparian re-vegetation project in New Zealand succeeded in improving water clarity and channel stability, but macroinvertebrate communities showed little response. Harrison et al. (2004) also found minor effect of in-stream rehabilitation structures on macroinvertebrate communities in the United Kingdom. Similar poor effect of in-stream structures on fish populations were highlighted by Pretty et al. (2003) .
Previous attempts to incorporate ecological processes in rehabilitation planning have relied on predictive models that estimate the outcomes under different rehabilitation scenarios (Pieterse et al., 2002; Reichert et al., 2007; Steel et al., 2008) . Predictive models are based on the relationship between different components of the system and can be used to forecast the responses of an ecosystem to different rehabilitation actions. For example, a predictive model can be used to estimate the expected reduction of bank erosion after riparian revegetation.
However, predictive models have not been adequately integrated into the decision-making process to facilitate the identification of rehabilitation priorities. Predictions obtained from different models (reflecting different rehabilitation strategies) are often directly presented to stakeholders in independent maps (see Baker et al., 2004; Berger & Bolte, 2004; Hulse, Branscomb & Payne, 2004) . Each map shows a future scenario under different rehabilitation priorities, usually focused on a single type of rehabilitation intervention, such as removal of barriers or eradication of invasive species. It is then a stakeholders' task to integrate different rehabilitation options to form the rehabilitation plan. Finding an optimal combination of multiple rehabilitation options in this way is a difficult task. To facilitate decision-making and strengthen the whole planning process, these different scenarios should be integrated before being offered to stakeholders (e.g., a map with benefits expected if three different rehabilitation actions were implemented in a certain area). Given the weaknesses of the methods in use, which fail to provide integrated recommendations, and the limitation of more complex approaches to deal with rehabilitation issues (see Stewar-Koster et al., 2010) , new methods and tools are urgently required.
Inefficient incorporation of social and economic issues
The conflict between ecological benefits and socio-economic costs is an important constraint (rehabilitation comes at a considerable expense -socially and economically) that may hinder the success of a rehabilitation project. Given the limited budgets for rehabilitation activities, the consideration of social, economic and land use constraints are an important issue when establishing rehabilitation priorities (Palmer et al., 2005; Craig et al., 2008; Beechie et al., 2008) .A number of different methods have been proposed for incorporating social and economic costs into rehabilitation planning. Qureshi & Harrison (2001) dealt with conflicts in social and economic costs of riparian re-vegetation projects using a multi-criteria analysis tool (MCA). They claimed this to be appropriate for evaluating alternative riparian re-vegetation options, and for accommodating the conflicting views of various stakeholder groups. Using this method, they ranked different re-vegetation scenarios according to the preferences of each social group. Qureshi & Harrison (2001) suggested that this information could then be used to implement rehabilitation actions on those areas where socio-economic conflicts were low.
However, MCAs fail to integrate multiple preferences from different social groups. In the end, stakeholders have to make their decisions based on a set of unconnected scenarios or priorities as explained in the previous section. In a recent study, Steel et al. (2008) incorporated estimates of the economic costs of different rehabilitation strategies for enhancing populations of Pacific salmon in a catchment in south-western USA. They identified six rehabilitation strategies, including spending the entire budget on barrier removal, or riparian protection only or on a suite of mixed options. For each of the strategies they allocated rehabilitation actions until the budget was used, and then predicted the benefit that each of the six strategies would bring in terms of improved habitat quality. This approach is a substantial improvement on previous methods since it allows a comparison of costs and benefits for different each of the rehabilitation strategies.
However, it is limited because of the small number of options that can be evaluated (typically <10) (Hulse, Branscomb & Payne, 2004; Baker et al. 2004) . Moreover, as highlighted above, the integration of results from different strategies is also lacking.
There are examples of effective incorporation of cost in the planning process in other fields, such as systematic conservation planning, landscape rehabilitation projects (Espelta, Renata & Habrouk, 2003) , land use optimization (Onal et al. 1998) or forest management (Ducheyne, Wulf & Baets,. 2004 ). There is also a growing knowledge about the costs of rehabilitating freshwater ecosystems (Nielsen-Pincus & Mosseley, 2010). Given these precedents in methods and information for freshwater projects, scientists/managers should be able to incorporate socio-economic considerations explicitly in freshwater rehabilitation planning.
Insufficient and/or inadequate monitoring.
In a review on over 37,000 river rehabilitation projects in the USA, Bernhardt et al. (2005) found it very difficult to get basic data on project actions and outcomes. They reported that only 10% of project records indicated that any form of assessment or monitoring occurred.
The lack of adequate monitoring and reporting of project outputs explains the absence of major reviews on rehabilitation practices in freshwater systems (Roni, Hanson & Beechie, 2008) . This is a common issue highlighted in many other studies (Verdonschot & Nijboer, 2002; Hillman & Brierly, 2005) and has direct implications on rehabilitation success, not only for the actual project being implemented, but for future projects. The lack of reliable information (from previous experience) on success or failure of previous rehabilitation practices does not help avoid costly errors and pose a serious constrain when setting rehabilitation priorities (Fig. 1) . In this sense, monitoring should play key role in future decision-making processes or in the adaptive management of projects already implemented to overcome constraints imposed by lack of knowledge and advise on best practices ("learning" and "adjust" in Fig. 1) (Hanley & Power, 1996; Downs & Kondolf, 2002) . However, the ability to design and conduct evaluation studies with sufficient statistical power is frequently beyond the capability of most practitioners, due to the long period of monitoring needed to confirm a response (Roni et al., 2005) or number of replicates needed to gain sufficient statistical power. It would be unrealistic in terms of cost to force every rehabilitation project to implement an exhaustive and extensive monitoring programme. Nevertheless, some standardized procedures that allow rehabilitation practitioners to evaluate the effectiveness of programmes should always be developed as best practice (Palmer et al., 2005) .
Systematic rehabilitation planning: a new decision support system for river rehabilitation.
Systematic rehabilitation planning has its foundations in ecosystem processes and socioeconomic constraints. By addressing these two aspects we ensure that the rehabilitation project will not only improve the symptoms but will also address the driving factors responsible for the degradation in the most cost-effective way. Firstly, rehabilitation planning must identify the driver(s) of the problem being targeted, and incorporate the best available information on the ecological processes involved in the degradation. This can be done, for example, by using statistical models that estimate the effect of each rehabilitation action on the pursued objectives (e.g. river bank erosion models). Secondly, socio-economic constraints must lead to the identification of the most efficient set of rehabilitation actions for achieving the rehabilitation goals. These must include not only cost of rehabilitation but also social aspects, such as the implications of rehabilitation actions on local economies (the so called opportunity cost in conservation planning), and landowner willingness to collaborate. If correctly addressed, all these issues will help deliver more realistic and efficient rehabilitation plans and aid their implementation (Barmuta et al., 2011) .
Following the arguments above, we propose two basic improvements to current decision support systems under a systematic planning framework. Firstly, planning methods must facilitate the decision-making of stakeholders by providing them with integrated solutions, where ecosystem processes have been incorporated, across multiple rehabilitation actions (Fig.   2) . Rather than showing different rehabilitation scenarios for each management action, these should be offered already combined to stakeholders. This can be done by seeking the best combination of management actions that achieve the rehabilitation goals at the minimum cost (Fig. 3) . This complex task is currently addressed in conservation planning by using optimization methods, such as meta-heuristic algorithms (Possingham et al., 2000) .
Optimization algorithms increase the number of scenarios that can be evaluated. Instead of prospecting just a few scenarios for each rehabilitation action independently, optimization algorithms can evaluate many different combinations of rehabilitation actions in a few minutes.
This also implies a substantial difference in the way systematic planning involves stakeholders in the identification of rehabilitation priorities. In traditional methods, stakeholders have to determine which actions to implement, combining options from different rehabilitation maps containing predictions from different scenarios. Optimization methods can combine those actions and offer stakeholders different integrated rehabilitation scenarios (the stakeholder does not have to find the best combination) for a certain rehabilitation priority (Fig. 3) .
Secondly, given the complexity of rehabilitation projects, future decision support systems for rehabilitation planning must be able to cope with more than one objective at the time. The main difference when planning for several objectives with respect to a single objective problem is that in the latter there is only one global optimum, while in multi-objective optimization there is no single optimal solution. Multiple-objectives usually conflict so that improvement in one is usually achieved at the expense of the others. This implies a drastic change to the optimization philosophy since, instead of searching for a global optimum, multi-objective methods focus on showing the best trade-off between a set of competing objectives. In other words, they try to find that set of solutions that maximizes the gain in one objective while minimizing the decline in the others (so called 'non-dominated' solutions). These solutions form a Pareto-optima (Czyzak & Jaszkiewicz, 1998) , which can be easily checked and evaluated (Fig. 3) . The use of Pareto graphs would facilitate the decision-making process, since they clearly show the gains and losses in the objectives pursued and allow stakeholders to evaluate the implication of their preferences on all the objectives in an integrated way. Multi-objective optimization methods have been applied to diverse environmental problems, such as the optimization of spatial forest management (Ducheyne, Wulf & Baets, 2004) or optimal water allocation problems (Xevi & Khan, 2005) . However, they have never been implemented in freshwater rehabilitation planning.
Conclusion
Rehabilitation resources are limited and need to be targeted to specific actions and places that are expected to produce the maximum benefit. A rehabilitation plan must specify what set of actions are needed and where they must be implemented; constrained by the available budget.
Systematic rehabilitation planning is a new planning approach that brings together advances made in conservation planning (cost-effectiveness analysis) and ecosystem science (understanding the complexity of ecosystem processes). It is a process-based method which enables planning to be done at the catchment scale, the tradeoffs (ecological, social and economic) between various rehabilitation actions to be integrated, and thousands of different planning scenarios to be considered in parallel. The inclusion of both ecosystem processes and socio-economic issues should facilitate the decision-making in rehabilitation planning and improve the cost-effectiveness of rehabilitation projects. It is important that this planning 13 process, like all others, should be part of an adaptive cycle. It can then benefit from and consolidate the experience gained from the implementation and monitoring of the rehabilitation activities. Given the potential benefits that the implementation of systematic planning in rehabilitation projects would bring we encourage further research on this topic to develop the methods and tools necessary to put the ideas we present here into practice. Figure 1 . Conceptual scheme of rehabilitation programmes incorporating an adaptive management approach. Rehabilitation projects are conceived as leading a current degraded system to a desirable state through the implementation of rehabilitation actions. The effectiveness of these actions is monitored and assessed. The assessment is incorporated into a better understanding of the system (learning) and, if required, the plans and actions are adjusted.
The process is constrained by socio-economic issues (e.g. budget limits) and knowledge limitations. Knowledge constraints can be overcome by incorporating the information gained during the monitoring, evaluation and learning phase into the planning process. In this way, the effectiveness of these actions can help correct initial misallocation of budget (adjust the current plan) and serve as an example for future plans (reduce knowledge constraints).
Figure 2. Prioritization scheme of multiple objectives in rehabilitation projects. The improvement in the current status of each action that is believed to be necessary is evaluated using predictive models or any other estimate of their effectiveness. This produces information on different rehabilitation scenarios and cost associated that need to be combined to set rehabilitation priorities. Systematic methods differentiate from traditional methods in the way this information is integrated. Traditional rehabilitation schemes provide several independent rehabilitation scenarios in different maps resulting from the implementation of a particular action each (e.g. dam removal, riparian re-vegetation) and then stakeholders have to combine them to find the best way to achieve the rehabilitation objectives. Systematic planning integrates all the considered actions, so synthetic solutions showing the best trade-offs between objectives are presented to stakeholders. Then they can check the influence of objective priorities (e.g. giving more importance to sediment reduction than to nutrient reduction) on rehabilitation priorities (actions and their spatial allocation). Note that in this systematic approach actions have been integrated into solutions in the optimization method, so every solution contains an optimized combination of rehabilitation actions. In this way the identification of particular actions to be implemented is facilitated to stakeholders. helps to find efficient ways of achieving the rehabilitation goals. Actions are implemented at the local scale but the plan is developed at the whole catchment scale. The identity and spatial allocation of rehabilitation actions (rehabilitation priorities) will depend on the relative weight that stakeholders give to each objective. Each dot in the Pareto front represents a particular combination of rehabilitation actions that maximizes the gain in one of the objectives while minimizing the loss in the others. For example, when a high importance is given to one of the objectives (solutions close to axes), most of the budget will be spent on remediating that particular objective (e.g., eradication of invasive species or remediation of bank erosion, D and F respectively). Intermediate solutions can also be found showing better compromise in the trade-offs between different objectives (E).
